The compound 3-amino-1,2,4-benzotriazine 1,4-dioxide (tirapazamine, TPZ) is a clinically promising anticancer agent that selectively kills the oxygen-poor (hypoxic) cells found in solid tumors. It has long been known that, under hypoxic conditions, TPZ causes DNA strand damage that is initiated by the abstraction of hydrogen atoms from the deoxyribose phosphate backbone of duplex DNA, but exact chemical mechanisms underlying this process remain unclear. Here we describe detailed characterization of sugar-derived products arising from TPZ-mediated strand damage. We find that the action of TPZ on duplex DNA under hypoxic conditions generates 5-methylene-2-furanone (6), oligonucleotide 3′-phosphoglycolates (7), malondialdehyde equivalents (8 or 9), and furfural (10). These results provide evidence that TPZ-mediated strand damage arises via hydrogen atom abstraction from both the most hindered (C1′) and least hindered (C4′ and C5′) positions of the deoxyribose sugars in the double helix. The products observed are identical to those produced by hydroxyl radical. Additional experiments were conducted to better understand the chemical pathways by which TPZ generates the observed DNA-damage products. Consistent with previous work showing that TPZ can substitute for molecular oxygen in DNA damage reactions, it is found that, under anaerobic conditions, reaction of TPZ with a discrete, photogenerated C1′-radical in a DNA 2′-oligodeoxynucleotide cleanly generates the 2-deoxyribonolactone lesion (5) that serves as the precursor to 5-methylene-2-furanone (6). Overall, the results provide insight regarding the chemical structure of the DNA lesions that confront cellular repair, transcription, and replication machinery following exposure to TPZ and offer new information relevant to the chemical mechanisms underlying TPZmediated strand cleavage.
Introduction
Solid tumors differ from most normal human tissue, in that they contain significant populations of oxygen-poor (hypoxic) cells. [1] [2] [3] [4] Accordingly, in the pursuit of improved anticancer drugs, medicinal chemists have long sought compounds that selectively generate cell-killing reactive intermediates under hypoxic conditions. 5-8 The compound 3-amino-1,2,4-benzotriazine 1,4-dioxide (tirapazamine, TPZ, 1, Scheme 1) may be the most promising hypoxia-selective antitumor agent identified to date. 5, 7, 9 TPZ is between 50 and 300 times more toxic to hypoxic cells versus normally oxygenated cells. 5, 7, 10 The anticancer properties of TPZ stem from its ability to cause oxidative DNA damage selectively in hypoxic tumor cells. 7, 9, [11] [12] [13] [14] [15] [16] [17] [18] [19] This drug is currently undergoing a variety of phase II and III clinical trials for the treatment of human cancer. 20 Upon entering cells, TPZ is metabolized via one-electron enzymatic reduction to the radical anion (2a, Scheme 1) that exists in equilibrium with its protonated neutral form (2b, pK a ) 6). 13, 21, 22 In normally oxygenated cells, TPZ is relatively nontoxic because 2a is rapidly reoxidized to 1 (Scheme 1). 13, 21 This futile cycle of enzymatic reduction and O 2 -mediated backoxidation generates superoxide radical (O 2
•-), which can cause cytotoxicity. [23] [24] [25] [26] However, enzyme systems including superoxide dismutase, catalase, glutathione peroxidase, and peroxiredoxins provide the cell with protection against superoxide radical and the reactive oxygen species derived from it. [27] [28] [29] Under hypoxic conditions, the radical intermediate (2) causes oxidative DNA damage 7,9,18 and the identity of the reactive intermediate(s) responsible for this medicinally relevant process remains a subject of active investigation. Data from our previous investigations support a mechanism in which the neutral drug radical 2b undergoes homolytic fragmentation to release the well-known DNA-damaging agent, hydroxyl radical (HO•). 15 Consistent with this view, TPZ causes extensive oxidative damage to the nucleobases of DNA, including the generation of hydroxylated base analogues. 16, 17 Also in accord with the involvement of hydroxyl radical, TPZ causes sequenceindependent DNA strand cleavage via abstraction of hydrogen atoms from the deoxyribose sugars of the DNA backbone. 15 Neutralization-reionization mass spectrometry experiments 30 and computational studies 31 indicate that homolytic fragmentation of the N-O bond in 2b is chemically feasible. Furthermore, homolytic fragmentation of analogous N-O bonds is well precedented. [32] [33] [34] [35] [36] [37] [38] Others have proposed 39 that TPZ-mediated DNA strand cleavage arises through direct hydrogen atom abstraction by 2b, and more recently it has been suggested 40 that 2b undergoes dehydration to yield the benzotriazinyl radical 4 as the ultimate DNA-damaging intermediate. Finally, in addition to its ability to initiate the generation of DNA radicals, TPZ and its mono-N-oxide metabolites react with DNA radicals in a manner that mimics molecular oxygen, facilitating conversion of the radical intermediates into direct strand breaks and base-labile lesions under low-oxygen conditions. [41] [42] [43] [44] While it is clear that enzymatic activation of TPZ under hypoxic conditions leads to DNA strand damage via abstraction of hydrogen atoms from the sugar-phosphate backbone, 15, 19 the exact chemical mechanisms underlying this process remain uncertain. For example, the identity of the specific deoxyribose hydrogens involved in these strand damage reactions has not been determined. In general, hydrogen atom abstraction from the deoxyribose backbone of DNA leads to strand cleavage via complex and chemically interesting reaction cascades. [45] [46] [47] [48] [49] Importantly, abstraction of each deoxyribose hydrogen atom yields a diagnostic set of products. 47 Therefore, careful product analysis provides insight into the specific deoxyribose hydrogens involved in radical-mediated DNA strand damage by a given agent. For example, hydrogen atom abstraction from the C1′-position of DNA under aerobic conditions yields 5-methylene-2-furanone (6) upon heating, while abstraction of the C4′-hydrogen generates oligonucleotide 3′-phosphoglycolates (7) and an oxidized, three-carbon sugar fragment (either base propenal 8 or malondialdehyde 9) as characteristic products (Scheme 2). 47, [50] [51] [52] [53] Abstraction of the C5′-hydrogen yields furfural (10) as a characteristic aerobic degradation product (Scheme 2). 47 Small, highly reactive radicals such as hydroxyl radical (HO•) cause direct strand cleavage via reactions involving hydrogen atom abstraction at all positions on the deoxyribose backbone, with the extent of reaction at each site dictated largely by steric accessibility of the various hydrogens. 47, [54] [55] [56] In duplex DNA, the C4′ and C5′ hydrogens of deoxyribose are the most accessible, while the C1′ hydrogens are the least accessible, residing deep in the minor groove. Interestingly, recent results suggest that abstraction of C1′-hydrogens by hydroxyl radical also occurs via an indirect pathway involving secondary reactions of initially formed pyrimidine base radical adducts. 56, 57 In the work reported here, we characterized products arising from TPZ-mediated damage of DNA. We find that the action of activated TPZ on duplex DNA under hypoxic conditions generates 5-methylene-2-furanone (6) upon heating, as well as oligonucleotide 3′-phosphoglycolates (7), malondialdehyde equivalents (8/9), and furfural (10). These results provide evidence that TPZ-mediated strand cleavage arises via hydrogen atom abstraction from both the most hindered (C1′) and least hindered (C4′ and C5′) positions of the deoxyribose sugars in the double helix. The products observed are identical to those produced by hydroxyl radical. 47 Additional experiments were conducted in the context of the C1′ radical to gain insight regarding the chemical pathways by which TPZ generates its DNA strand damage products. Consistent with previous work showing that TPZ can substitute for molecular oxygen in DNA damage reactions, [41] [42] [43] these experiments reveal that, under anaerobic conditions, reaction of TPZ with a discrete, photogenerated C1′-radical in a DNA oligonucleotide cleanly yields the 2-deoxyribonolactone lesion (5) that serves as the precursor to 5-methylene-2-furanone (6, Scheme 2).
The results provide insight regarding the chemical structure of the DNA lesions that confront cellular repair, transcription, and replication machinery following exposure to TPZ and offer new information relevant to the chemical mechanisms underlying TPZ-mediated strand cleavage.
Results and Discussion
DNA-Damage Reactions. Calf-thymus DNA was used as a source of mixed sequence, double-stranded DNA. Either NADPH:cytochrome P450 reductase or xanthine/xanthine oxidase enzyme systems were used to carry out the one-electron reduction of TPZ to its activated form (2). NADPH:cytochrome P450 reductase is thought to be responsible for in ViVo activation of TPZ, 14,58,59 and the xanthine/xanthine oxidase system has been used successfully as a reagent for the one-electron activation of TPZ in a variety of in Vitro studies. 13,15,17, 43 Molecular oxygen was removed from stock solutions via freeze-pump-thaw degassing, and final assay mixtures were prepared and incubated in an inert atmosphere glove bag.
Evidence for Hydrogen Atom Abstraction from the C1′-and C5′-Positions of Deoxyribose in Duplex DNA: Identification of 5-Methylene-2-furanone (6) and Furfural (10) As Products Arising from Tirapazamine-Mediated DNA Strand Damage. Compounds 6 and 10 are characteristic products stemming from the abstraction of hydrogen atoms from the C1′-and C5′-positions of deoxyribose, respectively. 47 These products can be simultaneously detected using an HPLC assay. 47, [60] [61] [62] Accordingly, TPZ-damaged DNA was isolated by ethanol precipitation and heated at 90°C for 15 min in a sealed tube to release 6 and 10. The resulting products were extracted into methylene chloride, concentrated, and analyzed by reverse-phase HPLC (Figure 1) . Two peaks that comigrate with authentic samples of furfural (10, eluting at ∼12 min) and 5-methylenefuranone (6, eluting at ∼13 min) were observed. Negligible amounts of these compounds were observed in control samples of untreated DNA, DNA treated with TPZ alone (no enzyme), or DNA treated with the NADPH:cytochrome P450 reductase enzyme system (no TPZ). The results provide evidence that TPZ-mediated DNA strand damage is initiated, at least in part, by abstraction of hydrogen atoms from both the C1′-and C5′-positions of the deoxyribose backbone. (10) isolated from TPZ-damaged DNA. TPZ-damaged DNA was heated to release 6 and 10 and extracted with methylene chloride, the extract was evaporated, and the products were analyzed by reverse-phase HPLC as described in the Experimental Section.
In light of the hypothesis that activated tirapazamine cleaves DNA via the release of hydroxyl radical, we felt it would be useful to compare the relative yields of 6 and 10 produced by tirapazamine-mediated DNA damage with those produced by hydroxyl radical generated by the well-studied Fe(II)/EDTA/ H 2 O 2 /ascorbate system. 47, 54, 63 We found that the relative yields of 10 and 6 produced by activated TPZ and authentic hydroxyl radical were identical within experimental error (10:6 ) 1.6, based on HPLC peak area). The relatively large yield of 6 is unexpected based upon the notion that steric accessibility solely determines the extent of reaction at each 2′-deoxyribose hydrogen but is consistent with recent studies indicating that hydroxyl radical adducts 16,17 generated at pyrimidine nucleobases yield secondary oxygen-centered radicals that effectively abstract hydrogen atoms from the adjacent nucleotide on the 5′-side. 56, 57 Interestingly, when xanthine/xanthine oxidase was used to generate activated TPZ, only 5-methylenefuranone was detected. Likely this is due to the oxidation of furfural by xanthine oxidase. Aldehydes are known to be substrates of xanthine oxidase, and both base propenals and malondialdehyde are oxidized by this enzyme. [64] [65] [66] Products Arising from C4′-Hydrogen Atom Abstraction. Evidence for the Formation of Malondialdehyde Equivalents (8/9). Hydrogen atom abstraction from the C4′-position of 2′-deoxyribose yields a three-carbon, oxidized 2′-deoxyribose fragment as a characteristic product. This oxidized sugar fragment can take the form of base propenals (8) or malondialdehyde (9), products collectively referred to as "malondialdehyde equivalents". 47, 53, 67, 68 A sensitive method for the detection of these products involves derivatization with phenylhydrazine to yield phenylpyrazole (11, Scheme 2). 53,69 An advantage of this particular assay is that it detects intact base propenals along with malondialdehyde and DNA base adducts generated by these species. 69 Accordingly, TPZ-damaged duplex DNA was treated with phenylhydrazine (20 mM), incubated for 15 h, and then extracted with hexane. GC-MS-SIM revealed a significant peak with m/z of 144 eluting at 13 min, identical to an authentic sample of phenylpyrazole 11 (Figure 2 ). In contrast, the yield of phenylpyrazole was negligible in control samples of untreated DNA, DNA treated with TPZ alone (no enzyme), or DNA treated with the NADPH:cytochrome P450 reductase enzyme system (no TPZ). As expected, 47 ,63 a positive control reaction involving treatment of DNA with the Fe(II)/EDTA/H 2 O 2 / ascorbate system, followed by derivatization as described above, generates phenylpyrazole 11. In general, our observation that TPZ generates malondialdehyde equivalents is consistent with early observations that the drug generates so-called thiobarbituric acid-reactive substances (TBARS) when it attacks cellular DNA. 70 Base propenals and malondialdehyde are the primary TBARS generated in the oxidative degradation of DNA. 47 Further Evidence for C4′-Hydrogen Atom Abstraction: Observation of Oligonucleotide 3′-Phosphoglycolates (7). Abstraction of C4′-hydrogen atoms from DNA typically generates strand cleavage products bearing a 3′-phosphoglycolate end group (7, Scheme 2) at the cleavage sites. 47, 71 Gel electrophoresis can be used to detect these 3′-phosphoglycolate termini. 47 Short 2′-oligodeoxynucleotide fragments containing a 3′-phosphoglycolate terminus migrate slightly faster in a 25% denaturing gel than do the same DNA fragments containing a 3′-phosphate terminus. 47 ,63,72 Accordingly, we employed high-resolution denaturing 25% polyacrylamide gel electrophoretic analysis to investigate whether 3′-phosphoglycolate termini are produced by TPZ-mediated DNA cleavage.
A 5′-32 P-labeled 377 bp restriction fragment was exposed to xanthine/xanthine oxidase-activated TPZ under anaerobic conditions. The DNA was isolated by ethanol precipitation and denatured, and the resulting cleavage products were analyzed by denaturing 25% polyacrylamide gel electrophoresis. Visualization of the labeled fragments by autoradiography revealed that TPZ-derived DNA-cleavage sites consist of two closely spaced bands characteristic of the 3′-phosphate/ 3′-phosphoglycolate pair of end products (lane 2, Figure 3) . 47, 73 For comparison, fragments bearing authentic 3′-phosphate and 3′-phosphoglycolate ends were generated using the well-characterized iron-EDTA system (lane 1, Figure 3) . 63 The TPZ-derived cleavage products comigrate with the iron-EDTA cleavage products (Figure 3 ). This finding is in complete agreement with the earlier work of Jones and Weinfeld who used 32 Ppostlabeling of DNA digests to detect 3′-phosphoglycolate products in TPZ-damaged DNA. 43 On the Origin of the 5-Methylene-2-furanone Product (6): TPZ Efficiently Oxidizes a Photogenerated C1′-Radical to the 2-Deoxyribonolactone Lesion in a 2′-Oligodeoxynucleotide. In radical-mediated DNA-damage processes that occur under aerobic conditions, the initially formed 2′-deoxyribose radicals rapidly combine with molecular oxygen to yield peroxyl (11) provides evidence for the formation of malondialdehyde equivalents in TPZ-damaged DNA. TPZdamaged DNA was treated with phenylhydrazine (20 mM) for 15 h to convert base propenals and other malondialdehyde equivalents into phenylpyrazole. The reactions were extracted with hexane, concentrated, and analyzed by GC-MS as described in the Experimental Section.
radical intermediates (ROO•) that subsequently decompose via complex reaction cascades to yield the final products of strand damage. [46] [47] [48] [49] 74 Thus, O 2 profoundly influences the spectrum of products generated during radical-mediated DNA degradation. The reactions described in this work involve TPZ-mediated DNA damage under anaerobic conditions, yet the products observed are those typically associated with the reaction of radicals with the deoxyribose backbone under aerobic conditions. [46] [47] [48] [49] How does the action of TPZ under anaerobic conditions lead to strand cleavage products typically associated with radical-mediated DNA damage under aerobic conditions? As noted in the introduction, the answer to this question was provided by the observation that TPZ and its mono-N-oxide metabolites can substitute for molecular oxygen in the conversion of deoxyribose radicals to DNA strand breaks. [41] [42] [43] For example, previous work demonstrated that TPZ and its mono-N-oxide metabolites rapidly react with a C1′-radical in duplex DNA, thereby converting the deoxyribose radical to a baselabile strand cleavage site. 41, 42 The structural nature of the baselabile lesion generated in polymeric DNA was not determined in this early work, although model studies showed that reaction of a C1′-nucleoside radical with TPZ generates 2-deoxyribonolactone (12, Scheme 3). 41, 42 In order to gain a better general understanding of the chemical pathways involved in generation of the strand-cleavage products reported above, we set out to determine whether the reaction of TPZ with a photogenerated C1′-radical in a 2′-oligodeoxynucleotide gives rise to the 2-deoxyribonolactone lesion (5) that serves as a precursor to the 5-methylene-2-furanone product (6, Scheme 2).
The 2-deoxyribonolactone lesion (5) in DNA is unstable and readily undergoes -elimination of phosphate to yield the butenolide 15. 75, 76 Under physiological conditions, the butenolide does not accumulate because it rapidly undergoes γ-elimination to yield 5-methylene-2-furanone (6) and a 3′-oligonucleotide phosphate (16, Scheme 4). Nonetheless, the butenolide 15 can be trapped by a variety of agents (Scheme 4). 75, 76 The characteristic shifts in electrophoretic gel mobility induced by formation of the resulting products provide a diagnostic "fingerprint" that can be used to demonstrate the presence of a 3′-butenolide terminus at a DNA-cleavage site. 75 We employed this approach to probe whether the reaction of TPZ with a photogenerated C1′-radical in 2′-oligodeoxynucleotide produces the 2-deoxyribonolactone lesion (5).
These studies employed a 5′-32 P-labeled 2′-oligodeoxynucleotide containing a single tert-butylketone-containing residue 13 that generates a C1′-radical (14) upon photolysis (Scheme 4). 77, 78 The 30-mer 2′-oligodeoxynucleotide, 5′-GTCACGTGCTGCA-13-ACGACGTGCTGAGCCT, was photolyzed under anaerobic conditions to generate the C1′-radical in the presence of TPZ. 75 The resulting mixture was treated with the "fingerprinting" reagents piperidine, dimethylethylenediamine (DMEDA), and 2-mercaptoethanol, and the products were analyzed by gel electrophoresis. Visualization of the 32 P-labeled DNA fragments in the gel by phosphorimager analysis reveals the characteristic set of gel-shifted products expected from the reaction of 15 with these various reagents (Figure 4 and Scheme 4). 75, 76 These results provide evidence that interaction of the C1′-radical with (7) in TPZ-damaged DNA. A 32 P-5′-labeled 377 bp restriction fragment was damaged by xanthine/xanthine oxidase-activated TPZ under anaerobic conditions (lane 2) or iron-EDTA (lane 1) as described in the Experimental Section. The DNA was precipitated and washed, and the labeled DNA fragments were resolved on a high resolution (25%), denaturing polyacrylamide gel as described in the Experimental Section. The image shows a small region of the gel, approximately 4 cm behind the bromophenol blue marker dye, in which small DNA fragments bearing 3′-phosphate (slowmoving bands) and 3′-phosphoglycolate (fast-moving bands, marked with the arrows) are resolved. The labeled DNA fragments were visualized by autoradiography.
Scheme 3
Scheme 4 a a i. 100 mM piperidine, 90°C, 15 min; ii. 100 mM DMEDA, 90°C, 15 min; iii. 100 mM DMEDA, 37°C, 20 min; iv. 100 mM piperidine, 37°C, 20 min; v. 50 mM 2-mercaptoethanol, 100 mM DMEDA, 37°C, 20 min; vi. 50 mM 2-mercaptoethanol, 37°C, 20 min (yields 19).
TPZ does, indeed, generate the 2-deoxyribonolactone lesion that serves as a precursor to 5-methylene-2-furanone (6). In the absence of TPZ, strand cleavage is very weak, thus confirming that efficient formation of the 2-deoxyribonolactone lesion under the anaerobic conditions employed here requires reaction of the C1′-radical with the drug. Importantly, there are no unidentified bands in the gel, suggesting that the reaction is "clean"; that is, the butenolide (15) is the only major base-labile lesion generated in these reactions.
Conclusions
The product analysis described here shows that TPZ-mediated DNA strand damage proceeds, at least in part, via hydrogen atom abstraction from both the most hindered (C1′) and the least hindered (C4′ and C5′) positions of the deoxyribose sugars in the double helix. This type of nonselective hydrogen atom abstraction mirrors that by the highly reactive species, hydroxyl radical (HO•). 54 Accordingly, the results provide new evidence consistent with the proposal that TPZ delivers hydroxyl radical, the active agent of radiation therapy, selectively to oxygen-poor tumor cells. [15] [16] [17] Although DNA damage by TPZ occurs under low-oxygen conditions, we provide evidence here that the structural nature of the strand damage generated by this drug is typical of that observed for radical-mediated DNA damage by hydroxyl radical under aerobic conditions. The results presented here extend previous results [41] [42] [43] by providing evidence that TPZ is able to mediate the oxygenation of the C1′, C4′, and C5′ radicals in duplex DNA. In addition, to gain a better chemical understanding of the pathways by which these products arise, we investigated the reaction of TPZ with a photogenerated C1′-radical in a 2′-oligodeoxyribonucleotide. We find that the reaction cleanly generates the 2-deoxyribonolactone lesion (5) that serves as the precursor to the methylene lactone (6) detected as a product of TPZ-mediated DNA damage in these studies.
The chemical mechanism underlying the oxygenation of DNA radicals by TPZ remains a matter of active research. [40] [41] [42] 44 We previously observed that oxygenation of a C1′ nucleoside radical by 16 41, 42 We proposed that the 16 O-containing product arises via formation of a TPZ-deoxyribose radical adduct, followed by fragmentation to generate the C1′-alkoxyl radical. On the other hand, the 18 Ocontaining product must arise through net oxidation of the radical intermediate, followed by hydrolysis to yield hydroxylation at the original site of the radical. 41, 42, 44 With regard to these possible mechanisms, the observation of the 3′-phosphoglycolate termini (7) in the present work is of particular interest because this product is consistent with the involvement of alkoxyl radical intermediates. Specifically, a host of previous studies indicate that the C4′-alkoxyl radical is a precursor to 3′-phosphoglycolate end products. 49, [79] [80] [81] [82] In contrast, the furfural product observed here (10) arises via a C5′-hydroxyl intermediate rather than an alkoxyl radical intermediate. 49, 83, 84 Overall, the results support the view that the oxygenation of DNA radicals by TPZ is a complex process that proceeds via multiple mechanistic pathways.
The biological activities of any DNA-damaging agent are ultimately determined by the chemical structure of the DNA lesions that it generates. The characterization of TPZ-mediated DNA strand damage products reported here helps build a foundation for understanding the chemical basis of this compound's promising medicinal activity.
Experimental Section
Materials. TPZ was prepared as described previously. 85, 86 Materials were obtained from the following suppliers and were of the highest purity available: furfural, phenylhydrazine, phenylpyrazole, 5-hydroxymethyl-2-furanone, N,N′-dimethylethylenediamine, piperidine, -mercaptoethanol, Aldrich Chemical Co. (Milwaukee, WI); xanthine, xanthine oxidase, NADPH, cytochrome P450 reductase, sodium acetate, N,N′-methylenebisacrylamide, Sigma Chemical Company (St. Louis, Figure 4 . Gel electrophoretic detection of 2-deoxyribonolactone lesion (5) generated by the reaction of TPZ with a C1′-radical in a 2′-oligodeoxynucleotide. The C1′-radical was generated in the presence of TPZ by photolysis of the 2′-oligodeoxynucleotide radical precursor 32 P-GTCACGT-GCTGCA-13-ACGACGTGCTGAGCCT in sodium phosphate buffer (10 mM, pH 7) containing NaCl (100 mM). The product was then treated with N,N′-dimethylethylenediamine (100 mM), piperidine (100 mM), or piperidine (100 mM)/ -mercaptoethanol (50 mM) as described previously. 75 with cold 70% ethanol, air-dried, and resuspended in formamide loading buffer by heating the sample at 50°C for 5 min with intermittent vortexmixing. Finally, the samples were loaded onto a 20% denaturing polyacrylamide gel and electrophoresed for 2 h at 1400 V. The radiolabeled oligonucleotide fragments in the gel were visualized by autoradiography or phosphorimager analysis (Molecular Dynamics).
The Maxam-Gilbert G and A+G reactions were performed according to standard protocols. 88 
